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Relativistic effects in gold chemistry. VI. Coupled cluster calculations
for the isoelectronic series AuPt 2, Au2, and AuHg 1

Ralf Wesendrup, Jon K. Laerdahl, and Peter Schwerdtfegera)

Department of Chemistry, University of Auckland, Private Bag 92019, Auckland, New Zealand

~Received 16 December 1998; accepted 11 February 1999!

Nonrelativistic and scalar relativistic pseudopotential calculations were carried out for the
isoelectronic series of diatomic molecules AuPt2, Au2, and AuHg1 at the Hartree–Fock,
second-order Mo” ller–Plesset~MP2!, and coupled-cluster@CCSD~T!# level. For Au2 we performed
large scale fully relativistic Dirac–Hartree–Fock and MP2 benchmark calculations in order to test
the reliability of the pseudopotential approximation. Both methods yield almost identical
spectroscopic properties for Au2. The comparison further reveals that pseudopotentials correctly
describe the effects of relativity on the spectroscopic properties of Au2. The yet unknown diatomic
species AuPt2 and AuHg1 are stable compounds, and their rotational–vibrational constants
are predicted. These show striking similarities compared to the values of Au2. MP2 results including
a set of threeg-functions per metal atom indicate that higher angular momentum functions
are important for accurately predicting the bond distance of these molecules. ©1999 American
Institute of Physics.@S0021-9606~99!30718-2#
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I. INTRODUCTION

Across a row of the periodic table relativistic effects a
at their maximum at the group 11 elements Cu, Ag, Au1,2

and the heaviest homolog in this series, element 111.3 The
underlying reason is not so well understood, but it is
sumed that the filling of the lowerd shell might be respon
sible for the outstanding behavior of the group 11 eleme
As a result, relativistic effects cannot be neglected anym
even for the lightest element in this series, copper.4 For gold,
relativistic effects often exceed the effects of electron co
lation and both the physics and chemistry of gold are do
nated by relativistic effects.5–7 For compounds of the neigh
boring elements platinum and mercury, relativistic effe
are still large,8 but are expected to be smaller compared
similar compounds of gold.

The gold dimer Au2 has been the subject of many the
retical studies.6–20 The special interest in this simple d
atomic molecule is mainly stimulated by the relativistic 6s
contraction in gold which causes a large bond contrac
and leads to the well known anomaly in the bond lengt
r e(Cu2),r e(Au2),r e(Ag2).

21 The majority of recent stud
ies using various relativistic techniques and electron corr
tion procedures predict a relativistic bond contraction
tween 0.18 and 0.30 Å for Au2 ~Fig. 1!.

The most widely used method in heavy element calcu
tions is the relativistic pseudopotential approximation. T
method is still criticized by a few authors22 since differently
adjusted pseudopotentials together with the supplied s
dard basis sets can lead to quite different results for mole
lar properties.23 However, a careful adjustment of th
pseudopotential parameters together with a reasonably s
core definition and energy optimized basis sets leads to

a!Electronic mail: schwerd@ccul.auckland.ac.nz
9450021-9606/99/110(19)/9457/6/$15.00

Downloaded 25 Aug 2009 to 130.216.12.217. Redistribution subject to AI
-

s.
re

-
i-

s
o

n
,

a-
-

-
s

n-
u-

all
r-

rors which are smaller than the usual errors of basis set
completeness and limitations in the electron correlation p
cedure applied.24 This has recently been demonstrated by o
group for the example of AuH.25

In this article we study in detail relativistic effects i
molecular properties of Au2 at the scalar relativistic pseudo
potential level using energy adjusted Stuttgart pseudopo
tials together with large valence basis sets. Electron corr
tion effects are treated at the coupled cluster, CCSD~T!, and
Mo” ller–Plesset level, MP2. The results are compared
benchmark fully relativistic four-component calculations
the Dirac–Hartree–Fock~DHF! and MP2 level of theory.
For comparison, scalar relativistic calculations are carr
out for the isoelectronic species AuPt2 and AuHg1. Earlier
investigations on these molecules are not known to
authors,26,27 and the predicted spectroscopic parameters m
be used for future identification.

II. COMPUTATIONAL DETAILS

For the nonrelativistic~NRPP! and scalar relativistic
pseudopotential~SRPP! Hartree–Fock~HF!, second-order
Mo” ller–Plesset ~MP2!, and coupled cluster calculation
@CCSD and CCSD~T!# calculations we used energy consi
tent pseudopotentials to replace the 60 inner electrons o
Au, and Hg.6,20 The orbital space was kept fully active in th
correlated calculations. For gold we used t
(9s 7p 6d 3 f )/@8s 4p 5d 3 f # basis sets as described in Re
28, decontracted all but the two highestp exponents and
added a (2s 1p 2d 1 f ) set of diffuse functions. For Pt we
optimized a (11s 10p 7d)/@9s 7p 5d# basis sets by minimiz-
ing the total energy at the Hartree–Fock level~HF! and
added the same set of diffuse andf functions as in the case o
gold. For Hg the (7s 7p 5d)/@6s 6p 4d# basis sets of Ref.
29 were augmented by fourf functions and a set of diffuse
functions to match the size and the most diffuse exponent
7 © 1999 American Institute of Physics
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Au and Pt. This results in the following contraction schem
(13s 11p 9d 4 f )/@11s 8p 7d 4 f # for Pt, (11s 9p 8d 4 f )/
@10s 8p 7d 4 f # for Au, and (10s 9p 8d 4 f )/@9s 7p 6d 4 f #
for Hg at the nonrelativistic level; (13s 11p 9d 4 f )/
@11s 8p 7d 4 f # for Pt, (10s 8p 7d 4 f )/@9s 7p 6d 4 f # for
Au, and (11s 10p 8d 4 f )/@10s 9p 7d 4 f # for Hg at the rela-
tivistic level. The quality of our basis sets used can be e
mated from the calculated electron affinities and ionizat
potentials for the neutral elements at the coupled cluster l
of theory which are in very good agreement with experim
tal results~Table I!.30 The additional set of threeg functions
used for the extended MP2 calculations for Au2 was chosen
to match the three high exponentf functions. The calcula-
tions were performed with theGAUSSIAN94 and ACES2 pro-
gram packages.31,32Up to 20 single points were calculated
the different levels of theory to describe the most import
part of the potential energy curve for the diatomic molecul
A rotational–vibrational analysis to obtain rovibration

FIG. 1. Published bond length contractions in Au2 due to relativistic and
correlation contributions. From the left to the right: DFT~S!/MVD from
Ziegler et al. ~Ref. 19!, AIMP/CPF from Stro¨mberg and Wahlgren~Ref.
12!, PP/QCISD~T! from Schwerdtfeger~Ref. 7!, DFT~LDA ! from Häberlen
and Rösch~Ref. 11!, DFT~S! from Bastuget al. ~Ref. 16!, DK/ACPF from
Hess~Ref. 17!, DFT~LDA !/ZORA and DFT~BP!/ZORA from van Lenthe
et al. ~Ref. 14!, DK/MP2 from Park und Almlo¨f ~Ref. 10!, DFT~BP!/DPT
and DFT~LDA !/DPT from van Wu¨llen ~Ref. 18!, PP/CCSD~T!, PP/MP2 and
four-component MP2~RMP2! from this work.

TABLE I. Vertical atomic ionization potentials~IP! and electron affinities
~EA! calculated at the CCSD~T! level.a

Pt Au Hg

NRPP 7.04b 7.05 8.32
IP SRPP 8.93c 9.02 10.32

exp.d 9.00 9.23 10.44

NRPP 0.00b 1.17 0.00
EA SRPP 2.07c 2.19 0.00

exp.d 2.12 2.31 0.00

aAll values in units of eV.
bRelated to the Pt (6s0 5d10) ground state in the nonrelativistic calculatio
cNot corrected for spin-orbit coupling.
dExperimental values from Ref. 30.
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wave functions and eigenstates was then carried out appl
the numerical Numerov–Cooley procedure as implemen
in the MOLCAS2 program package.33

The all-electron relativistic four-component Dirac
Hartree–Fock~DHF! and MP2 calculations were performe
with theDIRAC program suite.34–36The DHF calculations for
Au were performed with the open-shell module that recen
has been developed by Thyssen.37 The open-shell MP2 en
ergy was calculated with Visscher’sRELCCSD code.38 This
program has been interfaced withDIRAC. For the four-
component DHF calculations the original gold basis set
Laerdahlet al.35 was modified in the core region and in th
s-type valence space. The two~three! high exponents(p)
functions were replaced by an even-tempered series of t
~six! functions~ratio 4.0!. The two low exponents functions
were replaced by an even-tempered series of four funct
~ratio 2.5!. The energy of the final dual family
(25s 23p 14d 10f ) basis set is 0.058 a.u. above the nume
cal DHF limit. The relativistic calculations were performe
with a Gaussian nuclear model. The nuclear exponent
atomic DHF limit energy is given by Visscher and Dyall.39

Test calculations show that the remaining deficiency in
basis set is in the core region which is of little importance
the chemical properties considered in this study. The res
ing Gaussian basis set has been used in spherical and un
tracted form for the large component functions, and the sm
component basis sets were generated from the large com
nent set using a linear transformation and a projection40 that
is equivalent to the restricted kinetic balance~RKB!
condition.41 The total number of functions used is 468 for th
large component in Au2. To our knowledge this represen
the largest fully relativistic correlated calculations carried o
so far. All the 38 valence and subvalence electrons of A2

were correlated in the direct MP2 calculations. Note that
5s orbital of Au is energetically below the 4f shell in the
relativistic case. The 4f orbitals were not correlated in th
calculations. Virtual orbitals above 100 a.u. were neglect
and the sum over molecular orbitals in the second-order
turbation term was restricted to positive energy eigensta
of the DHF solutions.~SS u SS! two-electron integrals were
included in the DHF calculations, but neglected in the cal
lation of the MP2 energy. This is known to have negligib
effects on spectroscopic properties.35,36 The force constants
were calculated from a quadratic fit to three points at exa
r 5r e and r 5r e60.01 Å. The all-electron nonrelativistic
calculations were carried out usingGAUSSIAN94.31

III. RESULTS AND DISCUSSION

The calculated spectroscopic constants for the1S1

ground states of AuPt2, Au2, and AuHg1 are listed in Table
II and show an excellent agreement of the pseudopoten
with the all-electron HF or MP2 results. In both the nonre
ativistic and relativistic treatment there is almost numeri
identity of the calculated bond distances and vibrational f
quencies. As spin–orbit coupling is explicitly included in th
fully relativistic calculations while the scalar relativisti
pseudopotentials are spin–orbit averaged, the agreeme
both relativistic methods also confirms the comparing
small effects of spin–orbit coupling in Au2. To check if this
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Spectroscopic properties for the electronic ground states (1S1) of the isoelectronic molecules AuPt2, Au2, and AuHg1.a

AuPt2 Au2 HgAu1

NRPP SRPP NRPP AENR SRPP AEFR NRPP SRPP

r e HF 3.102 2.674 2.930 2.930 2.606 2.594 3.066 2.70
MP2 2.751 2.425 2.696 2.701 2.454 2.449 2.794 2.52
CCSD 2.830 2.521 2.771 2.510 2.880 2.590
CCSD~T! 2.801 2.517 2.761 2.505 2.863 2.581
CCSD~T!1g(MP2) 2.494 2.486 2.562

De HF 0.292 0.140 0.400 0.384 0.833 0.895 0.931 1.23
MP2 1.313 2.832 1.606 1.566 2.531 2.544 1.512 2.04
CCSD 0.978 1.788 1.246 2.001 1.292 1.747
CCSD~T! 1.161 2.182 1.414 2.219 1.370 1.857
CCSD~T!1g(MP2) 2.149 2.212 1.921

IP HF 0.44b 0.00 5.26 7.17 11.82 14.30
MP2 1.66 2.46 7.30 9.78 14.02 16.72
CCSD 1.52 1.76 6.89 9.08 13.59 16.08
CCSD~T! 1.65 2.07 7.08 9.11 13.70 16.11

ve HF 72 93 98 97 160 159 78 119
MP2 120 203 140 140 205 205 115 167
CCSD 101 171 125 185 100 147
CCSD~T! 103 176 125 182 97 139
CCSD~T!1g(MP2) 172 189 165

vexe CCSD~T! 0.60 0.36 0.59 0.47 0.11 0.36
Be CCSD~T! 0.219 0.274 0.225 0.273 0.206 0.253
De CCSD~T! 0.379 0.466 0.296 0.252 0.374 0.330
ae CCSD~T! 0.83 0.60 0.86 0.71 0.57 0.47

aNRPP: nonrelativistic pseudopotential, SRPP: scalar relativistic pseudopotential, AENR: all-electron nonrelativistic, AEFR: four-component all-elec
relativistic. CCSD~T!1g(MP2) are CCSD~T! results corrected for the contribution ofg functions at the MP2 level. Calculated bond distancesr e in Å, bond
dissociation energies,De ~not corrected for vibrational contributions! relative to the lowest calculated energy dissociation channels in eV, vertical ioniz
energies, IP, in eV, harmonic frequenciesve in cm21, anharmonicity constantvexe in cm21, rotational constantBe in 1021 cm21, centrifugal distortion
constantDe in 1028 cm21, vibration–rotational coupling constantae in 1024 cm21. The experimental values for the Au2 dimer arer e52.472 Å, De

52.36 eV, IP59.560.3 eV, ve5191 cm21, vexe50.420 cm21, Be50.2831021 cm21, De50.25031028 cm21, ae50.72331024 cm21 ~Ref. 21!.
bThe adiabatic ionization energy is 0 eV at the HF level.
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agreement might be due to a fortunate error cancellatio
the applied basis sets we repeated the relativistic pseud
tential calculations using the outer functions of the a
electron basis sets (BS2511s 10p 7d 5 f ) ~Table III!. With
the notable exception of the MP2 bond energy both basis
yield almost identical results, thus supporting the values
tained with BS1. The error introduced by the pseudopoten
approximation is obviously minor compared to errors due
basis set and electron correlation incompleteness.

Experimental data are available only for Au2,
21 and our

highest level correlated scalar relativistic pseudopoten
calculations agree well with these data. Note that
coupled cluster Au2 bond distance~and most other Au2 bond
distances calculated so far!6–20 is ;0.03 Å above the experi
mental value of 2.47 Å. A small decrease in the Au2 bond
length is obtained when spin–orbit coupling is included
the relativistic treatment. For instance, the four-compon
DHF and MP2 calculations show a 0.01 Å larger relativis
bond contraction compared to the scalar pseudopotentia
sults. This value nicely matches a recent analysis on sp
orbit effects in Au2 by Leeet al.who showed within a Kram-
ers restricted two-component relativistic pseudopoten
approach that spin–orbit effects diminish the Au2 bond
length byDSOr e520.004 Å at the MP2 or CCSD~T! level.9

Very similar small effects are found for the harmonic fr
Downloaded 25 Aug 2009 to 130.216.12.217. Redistribution subject to AI
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quency, DSOve51 cm21, and the dissociation energy
DSODe50.05 eV.9 This agrees remarkably well withDve

50 cm21 andDDe50.052 eV in our study, even if the dif
ference between the pseudopotential and the four-compo
calculations is not a direct measure for the effect of spi
orbit coupling. Adding the spin–orbit correction to ou
coupled cluster result gives a internuclear distance of;2.50
Å which is still too high. We therefore added a set of threeg
functions at the MP2 level to estimate the effect of basis
incompleteness~Table III, BS11g) which further reduces

TABLE III. Comparison of calculated scalar relativistic bond distances,r e ,
dissociation energies,De , and harmonic vibrational frequencies,ve , for
Au2 using different basis sets.a

BS1 BS11g BS2

SCF MP2 SCF MP2 SCF MP2

r e 2.606 2.454 2.599 2.435 2.605 2.450
De 0.833 2.531 0.852 2.524 0.831 2.453
ve 160 205 156 212 162 205

ar e in Å, De in eV, andve in cm21. BS1 denotes the standard basis s
employed in the coupled cluster calculations, BS11g is augmented by
three g functions, and BS2 is the outer 11s 10p 7d 5 f functions of the
all-electron fully relativistic basis set.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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the bond distance by 0.019 Å. A similar effect is expec
for the coupled cluster results and the extrapolated values
included in Table II as CCSD~T!1g(MP2). We therefore
conclude that relatively large basis sets with high angu
momentum functions are required to converge towards
experimental bond distance of 2.47 Å at the CCSD~T! level.

There is excellent agreement between all-electron
pseudopotential calculations for relativistic and correlat
contributions in the spectroscopic constants of Au2. The rela-
tivistic bond contraction at the MP2 level corresponds
20.242 Å for the pseudopotential and20.252 Å for the
all-electron calculation, the correlation contraction in t
relativistic case to20.152 Å and20.145 Å, respectively.
Previous published results yield a relativistic bond contr
tion between20.18 Å and20.32 Å. An overview is given in
Fig. 1 together with a comparison to our results, which
expect to accurately describe relativistic changes within 5
At the CCSD~T! level we attribute the following changes i
Au2 to relativistic effects: DRr e520.26 Å,DRDe

50.86 eV,DRIP52.0 eV andDRve557 cm21. In compari-
son, changes due to electron correlation at the relativi
level amount to: DCr e520.10 Å,DCDe51.4 eV,DCIP
52.0 eV, andDCve519 cm21. In conclusion, relativistic ef-
fects are of equal importance or even exceed the effect
electron correlation as indicated previously.6 Moreover, the
results clearly demonstrate that electron correlation and r
tivistic effects are not additive~see Table II!.

To our knowledge, the two isoelectronic compoun
AuPt2 and AuHg1 are not yet known, and of related com
pounds only AuPt and AuPt1 have been investigate
before.42 Dai and Balasubramanian obtained for the2D5/2

ground state of AuPtr e52.544 Å,ve5194 cm21, and De

between 2.2 and 2.7 eV. Interestingly, the addition of anot
electron to AuPt does not increase the bond distance as
might expect for an anion. In contrast, according to our c
culations the bond distance decreases from 2.544 Å for A
at the MRSDCI level42 to 2.517 Å for AuPt2 at the CCSD~T!
level and is even further reduced by the addition of threg
functions. While this difference may partly be ascribed to
different methods used, it is an indication of the bondi
character of thes HOMO in AuPt2. Note that this is in
perfect analogy to the bond length reduction from Au2

1 to
Au2 or even for linear Au3 and Au3

2.43 Still it remains some-
what surprising that AuPt2 appears to be as tightly bound a
Au2 at the scalar relativistic coupled cluster level. In gene
the similarities between AuPt2, Au2, and AuHg1 in the mo-
lecular properties studied here are quite-striking. For
ample, after correction for the effect of addition
g-functions ~Table III! one obtains the following bond dis
tances at the CCSD~T! level: r e(AuPt2)52.494 Å,r e(Au2)
52.486 Å,r e(AuHg1)52.562 Å. In parallel, bond dissocia
tion energies only vary slightly from 1.921 eV for AuHg1 to
2.212 eV for Au2. The only major difference between th
three isoelectronic species is the first ionization poten
which, as expected, increases sharply with the charge o
molecule from;2 eV in AuPt2 to .16 eV in AuHg1.

The quite significant relativistic changes in the bond d
tance, dissociation energy, and force constant are show
Fig. 2 for the three isoelectronic species. Note, that
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coupled cluster bond energy has to be corrected for sp
orbit coupling in the platinum atom~ground state:3D3) or
anion ~ground state:2D5/2) which reduces the bond streng
by ;0.2–0.4 eV.44 Yet it remains surprising that the relativ
istic effects for AuPt2 are similar or even larger than th
ones in Au2 considering a relativistic group 11 maximum.1 A
possible explanation is provided by the different dissociat
reactions for the three molecules. At both the relativistic a
nonrelativistic level dissociation of the gold dimer occu
according to

Au2→2 Au~5d106s1:2S1/2!. ~1!

For AuPt2 the situation is more complicated. At the relati
istic level the least endothermic dissociation yields the g
anion and neutral platinum

AuPt2→Au2~5d106s2:1S0!1Pt~5d9 6s1:3D3! ~2!

in agreement with the experimental atomic data.30 However,
the interaction of the closed shell gold anion with the pla
num atom can hardly account for the strong bond in AuP2.
As the electron affinity of both elements differs only slightl
a second low lying dissociation channel becomes feasibl
give rise to the neutral gold atom and a platinum anion:

AuPt2→Au~5d106s1:2S1/2!1Pt2~5d9 6s2:2D5/2!. ~3!

Accordingly, AuPt2 would best be described as a gold ato
and a platinum anion which form a strongs bond. Indeed, a
Mulliken population analysis of AuPt2 reveals that the nega
tive charge is located at the platinum center in line with t
given interpretation. At the nonrelativistic level, howeve
the electronic ground state of platinum is a singlet and d
not even exhibit a positive electron affinity. Thus, in th
nonrelativistic case the molecule dissociates preferably a

AuPt2→Au2~5d106s2:1S0!1Pt~5d106s0:1S0!. ~4!

The major contribution to the bonding is therefore of t
two closed shell atoms interacting in AuPt2 resulting in a
drastic weakening of the bond compared to the relativis
calculations.

FIG. 2. Relativistic changes in bond distances,r e , dissociation energies
De , and force constants,ke , for AuPt2, Au2, and AuHg1 at the pseudopo-
tential CCSD~T! level. The dissociation energy for AuPt2 is corrected for
atomic spin–orbit coupling (DSODe520.25 kJ mol21).
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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In analogy, AuHg1 might either be described as tw
interaction closed shell species or two open shell ato
forming as bond. According to the higher ionization pote
tial of Hg compared to Au the lowest energy dissociati
channel is

AuHg1→Au1~5d106s2:1S0!1Hg~5d106s2:1S0!. ~5!

While a Mulliken population analysis shows that the posit
charge is mostly located at the gold atom, the interaction
Au1 with the highly polarizable mercury atom cannot a
count for the bond energy of.1.8 eV and covalent contri
butions must be present.45 In the nonrelativistic case the dif
ference in ionization energies between gold and mercur
conserved and the contribution of the ionic and the cova
form will be similar as in the relativistic case. Thus, th
relativistic changes in AuHg1 are less pronounced than
Au2 and AuPt2.
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